Summary: We measured the parameter A, which is the ratio of the distribution spaces of2-deoxY-D-glucose (DG) and glucose in the brain, in a model of focal cerebral ischemia in the cat. A is the parameter in the lumped constant of the [14C]DG technique most susceptible to changes in ischemia. Cats were subjected to occlusion of the middle cerebral artery for a period of 2 h. During the last 60 min of occlusion, [14C]DG was infused in a pro grammed fashion so as to obtain a stable arterial blood [14C]DG concentration. The brain was funnel-frozen to preserve tissue metabolites and the frozen brain was sam pled regionally (4 to 7-mg samples) for local concentra tions of glucose, ATP, phosphocreatine (PCr), and lac- 
tate. In a separate series of cats, the infusion of [14C]DG was started after 2 h of occlusion and 3 h of recirculation. In both series, A declined slightly for increased levels of tissue glucose and increased appreciably as tissue glucose decreased. A similar relationship was observed between A and ATP and PCr, although the correlation was not as clear. Since A, and hence the lumped constant, increases in ischemia as well as in postischemic tissue, it is impor tant to measure tissue glucose concentration if quantita tive values of local cerebral glucose metabolism are de sired in this condition. Key Words: Cerebral glucose metabolism-Cerebral ischemia-Hexose distribution space-Lumped constant.
where A is the ratio of the distribution volumes of DG and glucose in the tissue, <I> is the fraction of glucose that, once phosphorylated, continues down the glycolytic pathway, and Vm, Km, V�, and K� are the Michaelis-Menten kinetic constants of hexo kinase for glucose and DG, respectively. Under physiological conditions, these parameters are probably not altered (Sokoloff et al., 1977; Gjedde, 1982; Pardridge et al., 1.982; Reivich, 1985; Mori et al., 1989) . In pathology, however, the value of the lumped constant, due to potential alterations in these parameters, may change. The amount of de phosphorylation of glucose-6-phosphate is very small; <I> is therefore assumed to be unity and should not change either in ischemia or during the reperfusion phase following temporary ischemia (Hawkins et al., 1981) . The term V� KmlV m K� is essentially a ratio of the kinetic constants of glucose and DG in the tissue. Although the Michaelis Menten constants may be altered in ischemia, it is expected that the changes will be comparable for both glucose and DG, and it is therefore unlikely that the ratio will be altered. Previous studies, how ever, have shown that A is changed in hypo-and hyperglycemia, suggesting that A may also be al tered in ischemia (Mori et al., 1989) .
The lumped constant for DG decreases slightly if plasma glucose concentration rises above 13 mM (Schuier et aI., 1990) and increases significantly in severe hypoglycemia (Crane et aI., 1981; Mori et aI., 1989; Suda et aI., 1990) . Other data suggest an increase in the lumped constant in focal cerebral ischemia Welsh et aI., 1979; Nedergaard et aI., 1986; Nakai et aI., 1987b; Mori et aI., 1989) . Mori et ai. (1989) 
MATERIALS AND METHODS

Chemicals
[14C]DG was obtained from Dupont (Boston, MA, U.S.A.) and had a specific activity of 45-55 mCilmmoi. The radiochemical purity was measured to be >97% by thin-layer chromatography. Other chemicals, reagents, and enzymes were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
Animal preparation
Male cats (2.5-3.5 kg) were anesthetized with halo thane (3% for induction, 1.5-2% during surgery, and 1% during experiments) and polyethylene catheters were in troduced into the femoral arteries and veins for blood pressure monitoring, arterial blood sampling, and intra venous administrations of solutions, respectively. A glass cannula was inserted into the trachea and artificial venti lation was applied throughout the experiments by means of a respirator (model 665; Harvard Apparatus, South Natick, MA, U.S.A.). The animals were fixed in the prone position in a stereotaxic head holder, the temporal muscles were removed from the top of the skull, and copper screws were fixed in the bone on both sides above the midsuprasylvian gyrus to monitor electrocortical ac tivity (EEG). The middle cerebral artery (MCA) was ex posed by a transorbital approach (O'Brien and Waltz, 1973) and was occluded with a Mayfield clip.
Arterial blood pressure and EEG were continuously monitored and recorded on a polygraph (Model 7D; Grass Instruments, Quincy, MA, U.S.A.). Blood samples were drawn frequently and analyzed for pH and blood gases using a blood gas analyzer (model 168; Corning Medical and Scientific, Medfield, MA, U.S.A.); the ventilator was adjusted to keep these parameters within the physiologi cal range. Body temperature was maintained at 37°C with a servo-controlled heating lamp (YSI model 73A; Yellow Springs Instrument Co., Yellow Springs, OH, U.S.A.).
Experimental protocols
Two separate series of experiments were carried out. In the first series (n = 7), the MCA was occluded for a period of 2 h with [14C]DG being infused during the last 60 min of the occlusion. In the second series (n = 5), a 4-h reperfusion period followed the 2-h period of ischemia and the [14C]2DG was infused during the last 60 min of the reperfusion.
The procedure for the determination of A. and also that of the lumped constant requires a steady state for both glucose and DG in the tissues during the measurement (Patlak and Pettigrew, 1976; Sokoloff et aI., 1977; Hamar and Hutiray, 1984; Mori et aI., 1989) . For this reason the [14C]DG (200 fLCi dissolved in 10 ml of saline) was infused intravenously in a programmed fashion to produce a step change in the plasma concentration of DG (Patlak and Pettigrew, 1976) . Arterial blood samples (0.4 m!) were withdrawn frequently (every 30 s) during the early part of the infusion and every 10 min later on. The samples were immediately centrifuged and the plasma removed.
[14C]DG and glucose concentrations of the plasma were determined with a liquid scintillation counter (TriCarb 4530; Packard Instruments, Downers Grove, IL, U.S.A.) and a glucose analyzer (Glucose Analyzer 2; Beckman Instruments, Brea, CA, U.S.A.), respectively. The effi ciency of counting the [14C]DG was determined with the internal standardization technique using [14C]-labeled tol uene as the internal standard.
To preserve metabolite levels, the brain was funnel frozen with liquid nitrogen after 60 min of [14C]DG infu sion (Welsh and Rieder, 1978) . A styrofoam cup was shaped to fit the curvature of the skull and was attached to the bone with vacuum grease. This cup was filled with liquid nitrogen at the end of the [14C]DG infusion and kept full for at least 10 min, during which time the respiration of the animal was supported with a mechanical ventilator. During the first 6 min of freezing, mean arterial blood pressure did not drop by ? 10 mm Hg. By this time all of the regions sampled in this study were freeze-trapped (Welsh, 1980) . Three parallel cuts were made with a cast cutting saw at the levels of 0, AI0, and A20 (Snider and Niemer, 1961) , and two additional cuts were made through the bone covering the temporal lobes so as to produce two wedge-shaped pieces. During this procedure liquid nitrogen was continuously poured onto the skull to prevent warming. The removed tissue samples were stored in a low-temperature freezer at -80°C (Revco; Rheem Manufacturing Co, West Columbia, SC, U.S.A.) until further analysis.
In a glove box refrigerated to -30°C, tissue samples were dissected from a variety of cortical regions ( Fig. 1) , using a squared-off, sharpened, 16-gauge syringe needle. Samples were taken from both the left hemisphere (isch emic) and homologous regions of the right hemisphere. The samples (4-7 mg each) were weighted at -30°C and added to 50 fLl of 0.1 N NaOH in methanol. The mixture was gently pulverized with a glass stirring rod at -30°C for 10 min, moved to an ice-water bath, and added to 150 fLl of cold 0.3 N perchloric acid. After centrifugation at 4°C to remove precipitated protein, the supernate was neutralized and stored at -80°C. A TP, PCr, glucose, and lactate were measured using enzymatic fluorometric methods (Lowry and Passonneau, 1972) . The free (un phosphorylated) DO concentrations were also deter mined in the extracts by passing them through an ion exchange column that binds all of the phosphorylated DO and measuring the radioactivity in a liquid scintillation counter.
The A term in LC represents the ratio of the distribution volumes of DO and glucose (Sokoloff et aI., 1977) . It can be expressed as (1) where Cb and C� are the brain tissue glucose and DO concentrations, respectively; Cp and C; are the plasma glucose and DO concentrations; K) and Kj are the trans fer constants for the carrier-mediated transport of glucose and DO; k2 and ki are the rate constants of glucose and DO transport from the brain to blood; and k3 and kj are the corresponding rate constants of phosphorylation by hexokinase.
Calculations
Results are expressed as means ± SD. A was calculated from Eq. 1 using glucose and DO concentrations of the arterial plasma and free glucose and DO concentrations of the brain tissue. The Dunnett test was used to detect statistically significant differences from the control level.
RESULTS
Physiological parameters
Mean arterial blood pressure was 87 ± 6 mm Hg for the MCA-occluded animals and 109 ± 10 mm Hg for the reperfusion animals; these pressures showed only slight changes throughout the study ( Table 1 ). to a value of <30% of the preocclusion level. The EEG remained depressed throughout the ischemic period, with only a small degree of recovery seen in some animals by the end of 2 h of occlusion. In the reperfusion series there was only a slight increase of the EEG amplitude during reperfusion, from 28 % of control at the end of occlusion to 34% of control by the end of the reperfusion period.
The blood gas parameters were within the normal range for the 2-h ischemia protocol as well as for the protocol in which the animals were subjected to 2 h of ischemia followed by 4 h of reperfusion. These parameters remained stable throughout the entire study ( Table 1) .
Arterial plasma glucose concentration increased upon occlusion of the MCA, but by the start of the e 4 C]DG infusion 60 min later, it had stabilized and showed only small changes throughout the e 4 C]DG infusion (Fig. 2) . During the control and ischemia periods of the reperfusion series, arterial glucose concentration was similar to that of the ischemia series, but did exhibit a significant elevation during the reperfusion period particularly prior to the DG infusion (Table O . Throughout the DG infusion, however, it was stable and remained constant until the end of the study.
Ischemia studies
The ischemia produced gross alterations in the levels of tissue metabolites in regions of the MCA distribution territory (Table 2) . Tissue glucose on the control side was 3.40 ± 1.13 /-I-mol/g, whereas in ischemic regions it decreased to as low as 0.12 /-I-mol/g. Low glucose values were accompanied by high lactate (above 20 /-I-mol/g) as well as low ATP and per levels. ATP fell to as low as 0.05 /-I-mol/g, while per fell to 0.5 /-I-mol/g. The normal levels of lactate, ATP, and per on the control side of the brain tissue were 1.94 ± 1.08, 2.42 ± 0.50, and 5.00 ± 1.19 /-I-mol/g, respectively. Tissue DG concentra tion in regions ipsilateral to the stroke varied signif icantly owing, for the most part, to the metabolic state of the tissue in the region. The ratio of DG counts from ischemic regions to the counts of ho mologous regions from the contralateral hemi sphere varied from 0.11 to 1.50. The low ratios (be low 0.5) all came from tissue that was very isch emic, with ATP levels of 0.11 ± 0.05 /-I-mol/g. Regions in which the ratio was> 1.25 had interme diate ATP levels (0.51 ± 0.07 /-I-mol/g), while when ATP was above 1.5 /-I-mol/g, the DG ratio was 0.95 ± 0.13. There was an excellent relationship between tis sue glucose concentrations and A. including data from both the stroke and the control hemisphere. When the glucose concentration in the brain tissue was above 2.5 j.Lmol/g, A. showed only a slight decrease as tissue glucose concentration rose in the hemisphere both ipsilateral and contralateral to the occlusion. The mean value of A. on the control side was 2.59 ± 0.72, while on the stroke side, in tissue regions in which glucose concentration was normal (14 of 50 data points), it was 2.19 ± 0.55. There was a slow but steady increase in A. as tissue glucose levels fell from 2.5 to 0.5 j.Lmol/g, reaching a value more than twice normal in this range (Fig.  3) . As tissue glucose fell below 0.5 j.Lmollg, A. rose precipitously.
The relationships between A. and the levels of the metabolites are not as clear. The value of A. for con trol baseline ATP levels was more variable owing most probablY to the narrow range of normal ATP (Fig. 4a) . As ATP was depressed during ischemia, A. increased, although the relationship between A. and ATP was much less continuous than that between A. and tissue glucose. When ATP was decreased to �0.5 j.Lmol/g, A. showed an extremely large variabil ity. The relationship between A. and PCr was simi larly quite variable for values of PCr below 1.7 j.Lmol/g (Fig. 4b) . In the ischemic territory, there was no correlation between lactate level and the measured value of A.. For lactate above 5 j.Lmol/g, A. was elevated, but this elevation did not appear to be a function of tissue lactate level (Fig. 5a ).
Reperfusion studies
The values of tissue glucose, ATP, PCr, and lac tate are shown in Table 2 . Although tissue glucose concentration in the ischemic hemisphere returned to normal levels, the lactate level remained ele vated, being comparable with that at the end of the 2-h ischemic period. ATP and PCr concentrations increased from their depressed levels during isch emia, but did not return to the values of the control side. Tissue glucose concentration on the control side was 4.36 ± 0.91 j.Lmollg, significantly higher than that in the ischemia studies (3.40 ± 1. 13 j.Lmoll g), owing most likely to the higher plasma glucose during the reperfusion period (Table 1) .
During the reperfusion phase, only a small num ber of samples (n = 8) exhibited an increase in A. above the control level (Fig. 4c) . All of these sam ples had ATP levels below 0.4 j.Lmollg, which ap pears to be a threshold for an elevation in A.. Al though the same samples also had low PCr concen trations, the relationship between A. and PCr is not as clear as between A. and A TP since a few other samples with equally low PCr levels did not exhibit increases in A. (Fig. 4d) . During reperfusion, lactate remained elevated in a large number of samples. In the few samples with very low ATP levels «0.4 j.Lmol/g), lactate was above 30 j.Lmol/g. These sam ples showed a large increase in A..
The relationship between A. and tissue glucose concentration during reperfusion following focal ce rebral ischemia (Fig. 3b ) was similar to that during ischemia (Fig. 3a) . Only eight tissue samples con tained glucose levels below 1 j.Lmol/g. Other regions of the reperfused brain had a glucose concentration above 2.5 j.Lmollg. The mean value of A. in these regions was 1.51 ± 0.27, a value significantly dif ferent from that of the contralateral hemisphere end of 2 h of occlusion followed by 4 h of reperfusion (c and d).
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The correlation between A and these two metabolites is not as During ischemia there is no correlation between � and lac tate, whereas during reperfusion, only tissue regions with lactate above 30 J.Lmol/g exhibit an increase in �.
0.91 ± 0.52) and that of the control hemisphere in the ischemia studies (2.59 ± 0.72). In the reperfu sion studies, X. also exhibited a precipitous increase when tissue glucose concentration was < 1 J.Lmollg.
On the control side, there was no correlation be tween X. and tissue glucose levels (Fig. 3b) . Glucose consumption of the central nervous sys tem under physiological conditions is independent of plasma glucose concentration changes (Gottstein and Held, 1969; Bachelard et aI., 1973) . However, in pathology, especially in severe hypoglycemia, cerebral glucose utilization is altered. The very low arterial plasma glucose concentration leads to tissue glucose concentrations below the normal level of 2-3 J.Lmollg and a subsequent potential deficiency of substrate (Cremer et aI., 1981; Crane et aI., 1985) .
DISCUSSION
Reduced glucose availability also occurs in other pathological conditions such as ischemia where, al though plasma glucose is generally either normal or slightly elevated, the reduced blood flow results in a poor supply of glucose to the brain. Occlusion of the MCA produces complete ischemia in only a very limited area of the brain (Welch and Barkley, 1986) ; in these regions the lack of glucose leads to cell death within a short period of time after isch emia (Garcia, 1984) . However, due to the collateral circulation of the MCA territory, there is a penum bra of reduced flow around the ischemic core (As trup et aI., 1981) . If blood flow to these areas is less than a critical value of 10--15 ml/l00 g/min (Hoss mann and Schuier, 1979; Jones et aI., 1981) , then severe functional deterioration can develop (Bran ston et aI., 1976) . There has been considerable in terest in quantitatively measuring changes in glu cose metabolism in these areas. Owing to uncertain ties concerning the applicability of the only available method for the measurement of glucose consumption in individual brain structures (the e 4 C]DG technique), it has been impossible to quan titatively measure glucose metabolism in these low flow areas. In the present study, some of the corti cal regions had glucose concentrations below 0.5 IJ.mol/g. In these regions " was significantly ele vated, indicating that the free DG concentration in these areas had increased, a sign of residual blood flow to the tissue. The relationship between " and tissue glucose concentration is both qualitatively and quantita tively similar to that observed by Mori and co workers (1989) . The increase in " in the hypoper fused regions is due to a shift in the distribution spaces of glucose and DG. Since both arterial plasma glucose and DG concentrations were kept constant during the measurements, it is only the ratio of tissue free DG and glucose that can change. In our studies we found a profound decrease in the free glucose concentration in some regions in the ischemic territory. The low tissue free glucose con centration is due both to a decreased supply and to an increased demand of the tissue for glucose along with a probable increase in phosphorylation. Simul taneously, transport across the blood-brain barrier becomes the rate-limiting factor of metabolism (Gjedde, 1982; Pardridge et aI., 1982) . Although transport of DG is �40% faster than that of glucose (Oldendorf, 1971) , blood-brain barrier damage is unlikely to affect transport of the two similar chem ical species (glucose and DG) differently. DG is phosphorylated by hexokinase at a slower rate than glucose (Sols and Crane, 1954) . A fu rther shift in the metabolism of the two substrates might explain the large changes in the distribution spaces.
The similarity of the relationship between " and tissue glucose in the ischemic regions and that found by Mori et al. (1989) can be seen in Fig. 3a , where we have included seven points derived from their data set by least-squares analysis of those data. Although the agreement is good, the measured value of" from this cat ischemia study does appear to be � 10-20% higher than that obtained by Mori et al. (1989) in the rat. Evidence that this may be a species effect, as opposed to a consequence of the ischemia, comes from the observation that this dif ference exists for the data obtained from the control (nonischemic) hemisphere as well as from the isch emic hemisphere and is of the same magnitude. This suggests that the effect of ischemia on the" of the lumped constant is directly an effect of the changes in tissue glucose induced by the decrease in blood flow and hence the decrease in substrate supply. " also increased slightly in the regions of the con tralateral hemisphere as tissue glucose concentra tion decreased (Fig. 3) . In an identical focal isch emia model in the cat, we observed a significant reduction in the accumulation of DG-6-phosphate in J Cereb Blood Flow Me/ab, Vol. 12, No. 1, 1992 structures of the contralateral hemisphere homolo gous to the ischemic regions (Tanaka et aI., 1985) . It is possible that similar metabolic changes occur, al though to a lesser extent, in these brain regions. Measurements of " in hypo-and hyperglycemia in the rat showed identical changes in " as tissue glu cose concentration was altered over this range (Mori et aI., 1989) .
In the reperfusion studies in which 2 h of isch emia was fo llowed by 4 h of reperfusion, only eight cortical regions had a glucose concentration of < 1 IJ.mol/g. These values, however, were higher than those in the homologous structures of the ischemia animals (Fig. 3) , indicating that glucose is being de livered to the reperfused areas. At the same time, lactate concentration was highest in the structures with the lowest glucose concentrations. The high lactate and low A TP and PCr levels indicate that cortical metabolism has not returned to the control level. It is possible that anaerobic glycolysis is very active in these cortical areas, owing to a very lim ited capacity of oxidative metabolism. " was also dependent on tissue glucose in the reperfusion se ries. Although the shape of this relationship is sim ilar to that measured in ischemia, the measured value of" in the reperfusion series is higher at tissue glucose concentrations below 1 IJ.mollg than that determined during ischemia. Although the precipi tous increase in " does not occur until tissue glu cose fa lls below 0.5 IJ.mollg in ischemia, in the reperfusion series this increase was noted at tissue glucose levels ofO.8-O.9IJ.mol/g. This may be due to a slightly changing tissue glucose during the course of the measurement. The infusion of the [ 14 C]DG started 60 min prior to the freeze-trapping of the tissue for glucose measurements. It is possible that the blood flow to the tissue improved in these few regions so that the tissue glucose was slightly higher at the end of the study than it was at the start of the [ '4 C]DG infusion. The value of" for tissue glucose concentrations above 1 IJ.mollg was identical in the two series.
In conclusion, the relationship between" and tis sue glucose found in this study agrees well with the direct measurements of " in systemically produced hypoglycemia in the rat (Mori et aI., 1989) . The in crease in " (and hence in the lumped constant) in the ischemic tissue appears to be directly due to a decrease in the available glucose supply to the tis sue and to a possibly altered metabolism of glucose and DG. Since LC increases in ischemia as well as in the postischemic tissue, it is important to mea sure tissue glucose concentration in these condi tions if quantitative values of local cerebral glucose metabolism are desired.
